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Abstract Nonlinear optical properties of a series of
disubstituted frans-azobenzenes were studied. The struc-
tures were fully optimized by B3LYP/6-31+G* and both
static polarizabilities and hyperpolarizabilities were then cal-
culated by the derivative method. In order to show the rela-
tionships between dipole moments, (hyper)polarizabilities and
the structures, three kinds of substituent constants were ap-
plied to correlate with both ground state dipole moment and
hyperpolarizabilities. Both physical properties have a satisfac-
tory correlation with substituent constants >0, and bond
length alternation. Overall, the electronic excitation contribu-
tion to the hyperpolarizabilities is rationalized in terms of the
two-level model.

Keywords Bond length alternation - Disubstituted trans-
azobenzenes - NLO properties - Substituent constants

Introduction

Significant interest exists in the design and development
of materials exhibiting large second-order nonlinear op-
tical (NLO) response because of their potential applica-
tions in telecommunications, optical computing, and
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optical signal processing [1-9]. The strong oscillating
electric field of laser creates a polarization response that
is nonlinear and can act as a source of new optical field with
altered properties [10]. The nonlinear optical susceptibilities of
amaterial provide a quantitative measure of the ability of'a bulk
material to alter the optical properties and are the parameters that
researchers seek to optimize. At molecular level, one can define
the microscopic nonlinear coefficient (molecular hyperpolariz-
abilities) that is related to the bulk nonlinear optical susceptibil-
ities. That means the NLO properties are determined by the first
and second hyperpolarizabilities. To optimize optical nonli-
nearities at this level it is important to have a detailed discussion
on the relationship between molecular electronic structure and
the induced nonlinear polarization. The focus of research in this
field has been on donor-acceptor-substituted 7-conjugated
molecules because the delocalized 7-electrons give rise to the
large electronic hyperpolarizabilities.

Early study of the structure—property relationships of
these molecules indicated that the 3 increases with an in-
crease in donor and acceptor strength and with extending 7t-
conjugation length [3, 11]. Oudar reported that for mono-
substituted trans-stilbene derivatives, the 3 values are typ-
ically ten times larger than the benzene compounds [12].
The other factor is the intramolecular charge transfer occur-
ring within the donor-acceptor disubstituted 7-conjugated
systems. In addition to the two factors described above,
there is another important factor that potentially affects the
magnitude of (3 values. This factor is nothing but 7t-electron
bridge, which connects the two benzene rings. In order to
obtain the large 3 values, the 7-electron donating power of
the donor groups should be transferred effectively to the
acceptor groups through long 7-conjugated systems. As a
result, the m-electron-transfer efficiency depends on the
electronic nature of the bridge.
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Singer et al. measured the (3 values of a series of
organic 7-conjugated molecules, including some stil-
bene, imine, and azobenzene derivatives, using dc-
induced second-harmonic generation (DCSHG) [13].
They found that (3 values of stilbene and azobenzene
derivatives are essentially the same, indicating that there
are only minor differences between the transition dipole
moments of the ethylenic and azo bridges, with the
validity of the two-level charge-transfer model [14].
Ulman applied the Hammett (0,), Brown-Okamoto
(o), and Biggs-Robinson (o) constant to correlate with
the ground state dipole moments and hyperpolarizabil-
ities [15]. The result showed that the Hammett constant
has a good correlation with both ground state dipole
moments and hyperpolarizabilities. Similar correlations
were not obtained for the azobenzenes.

The azobenzene in which the N=N links the two
phenyl rings, has potential applications in molecular
switches and therefore it was studied both theoretically
as well as experimentally [16-27]. Recently, it has been
shown that certain azobenzene derivatives have some
novel properties and potential applications [28—41].
The present work is intended for the understanding of
the molecular structure-NLO properties relationships of
azobenzenes with common donor-acceptors of a variety
of strengths. Various computational methods with differ-
ent basis sets were applied to show the bridge structure
of azobenzene and compare it with experimental data.
Three different substituent constants are then used as
parameters to correlate with ground state dipole moments and
hyperpolarizabilities of azobenzene derivatives.

Calculation methods

The trans-azobenzenes (TAB) optimized structures were
carried out by MP2, HF [42] and density functional
theory (B3LYP [43] functional, Gaussian 03 program
package [44]). To study the effect of basis set on
stability of TAB, we optimized the structures with two
basis sets viz. 6-31+G*, 6-31G**. It is noted that the
choice of basis set is critical for obtaining the stable
structures. The 6-31+G* basis set that includes the
diffuse functions is essential for accurately describing
the interaction between the two phenyl rings in TAB.
The ground-state structure has been determined by a
standard force-minimization process, and the vibrational
spectrum has been systematically determined to check
that all the vibrational frequencies are real. The static
hyperpolarizabilities are calculated using derivative
method which relates different derivatives of energy or
dipole moment to various coefficients of power series
expansions. Here we adopt the energy expression to get
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the linear and NLO coefficients.
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where U is the energy of molecule in absence of an electric
field; n° is the components of the dipole moment vector; «
is the linear polarizability tensor; 3 and y are the second-
and third- polarizability tensor, respectively; and i, j, k label
the x, y, and z components, respectively. Numerically 3.«
can be calculated as:

Buw = {~EQF) + E(=2F,) + 2[E(F,) — E(~=F)]} [4(F.)’
(5

)

Here, E(F,) indicates the total energy of a molecule
in presence of a field F applied in x direction. To
obtain a more intuitive description of the trends on the
NLO behavior of the studied compounds, time depen-
dent density functional theory (TDDFT) method was
used to investigate the molecular electronic structures
and vertical electronic excitation energies.

Results and discussion

Stable structures of trans-azobenzene and computational
method choice

The structure of TAB (Fig. 1) has been a subject of contro-
versy in both experimental and theoretical study. The X-ray
diffraction (XRD) [45] result showed that there was a slight-
ly distorted but nearly planar structure of TAB. On the other
hand, the gas-phase electron diffraction (ED) [46, 47] stud-
ies suggested its nonplanar structure. ED result showed that
the phenyl ring was twisted by about 27.9° (C; symmetry)
around the N=N-C-C plane.
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Fig. 1 The atom numbering of TAB

Here we use different levels of theories to fully optimize
TAB. Table 1 list the experimental and theoretical geomet-
rical parameters of TAB. The optimized N=N bond length
by the DFT method is closer to the ED values. The HF
method underestimates both, the XRD and the ED values.
The MP2 method overestimates both the experimental val-
ues. It can be seen that the N=N bond length optimized by
B3LYP/6-31G* deviates only by 0.001 A, 0.010 A, and
0.002 A respectively from the three experimental ED values
whereas that from the HF/6-31+G* level deviates by
0.041 A, 0.050, and 0.042 A respectively. The C-N bond
optimized by both, the DFT and ab initio methods are closer
to the ED values. Especially B3LYP/6-31+G* is consistent
with ED value (C, symmetry) of 1.420 A. The DFT and HF
methods approximately estimate the dihedral angle N=N-C-
C~0° and is comparable to the ED value. However, MP2/6-
31+G* estimates a deviation from the planarity. Kurita et al.
[48] explained why the phenyl rings of TAB are significant-
ly twisted only in the MP2/6-31+G*.

The conformation of TAB is mainly determined by the
two factors. First, the 7t-7t and n-7t interactions of the azo
group with the phenyl rings and the second, the repulsive
force of the ortho-hydrogens of the phenyl ring with the
lone-pair electrons of the distal nitrogen. The 7-7t interac-
tion makes the structure favor planarity, while the repulsive
and the n-7t interaction favor non-planarity. Because of the

presence of diffuse function in the 6-31+G* basis set, the
lone-pair electrons of the nitrogen atoms are described to be
more localized and the n-7t interaction and repulsive force
become much more important. It results in a twisted confor-
mation of TAB. The NLO property will be maximized as the
bridge is coplanar. Therefore we do not use MP2/6-31+G* for
our further calculations. On the other hand, B3LYP/6-31+G*
level estimates a little higher values of the bond lengths than
the experimental values (ED) and therefore we use here
B3LYP/6-31+G* to optimize the derivatives of azo com-
pounds in order to make a better estimation in gas phase.

Disubstituted TAB

Thirty trans-azobenzenes (DTABs) selected in this study with
several donor and acceptors are displayed in Fig. 2. The
geometrical structures of DTABs were optimized using HF/
DFT method, viz. B3LYP, with 6-31+G* basis set. During the
complete geometry optimization, all DTABs adopt the C,
point group, containing no symmetry element. The optimized
parameters, i.e., bond lengths and bond angles of DTABs
computed using B3LYP with the 6-31+G* basis set are pre-
sented in Table 2. We have used -NO,,-COCHj;, -COH, -
COCL-CN,-CF; as the acceptor groups, and —CH;, -OH, -
OMe, -NH,, -NMe, as the donors. The acceptor and donor
groups are attached in the 11 and 22 position, respectively.
We present a comparative study of the N=N and C-N
bond lengths, N=N-C angle, C-N=N-C, N=N-C-C dihedral
angles in TAB and DTABs. We first discuss the substitution
effect on the structural parameters of TAB. From Tables 1
and 2, it can be seen that in all substituted TABs, the N=N
bond length is longer than that in the nonsubstituted TABs.
Especially in molecules le, 2e, 3e, 4¢, Se, and 6e, the N=N
bond length increases by 0.009, 0.008, 0.008, 0.008, 0.007
and 0.009 A, respectively than TAB. Interestingly, a reverse
trend is observed for the C-N bond distance. The C-N bond

Table 1 Structural data for

trans-azobenzene obtained from N=N C-N N=N-C N-C-C C-N=N-C N=N-C-C*
experiments and molecular or-
bital calculations DFT calcualtions
B3LYP/6-31G** 1261 1419 114.8 124.8, 1153 -180.0 0.03
B3LYP/6-31+G* 1258  1.420 1153 124.7, 1153 180.0 0.06
HF and MP2 calculations
HF/6-31G** 1220 1421 115.7 124.4, 115.5 -180.0 0.04
HF/6-31+G* 1218 1422 1159 124.4, 1155 -180.0 0.04
MP2/6-31+G* 1278 1423 113.6 1243, 115.1 0.0 14.61
Experiments
Gas E.D. (C, symmetry)*® 1259  1.420 116 1212 - 30.10
Gas E.D. (C; symmetry)*® 1268  1.427 114.5 123 - 27.90
Units: bond lengths (A), valence  Gas D 1260  1.427 113.6 124.7 - 0.00
and dihedral angles (degrees) Xoray diffraction (A site)*® 1247 1428 1141 1237, 115.6 - 16.70

*N=N-C-C is the average value
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Fig. 2 Structures of the investigated disubstituted TAB

length decreases by 0.006, 0.02, 0.021, 0.005, 0.02 and
0.006 A in le, 2e, 3e, 4e, Se and 6e, respectively, as
compared to TAB. The contraction of the C-N bond and
the expansion of the N=N bond in the substituted azo dyes
as compared to TAB indicate a greater conjugation and 7t-

electron delocalization [49]. On the other hand, the N=N-C
bond angle of molecules 1a, 1b, lc, 1d and le is smaller
than that for the TAB, whereas for the 2a, 2e¢, 3a, 3¢, 4a, 4c,
Sa, 5b, 5c, 6a, 6¢, 6d molecules the opposite is true. If the
donor group contains a methyl group, the N=N-C angle
increases more than the TAB except that in 1a molecule.
There is almost no change in bond angle N-N-C upon donor
and acceptor substitution in TAB. It shows that the donor-
acceptor groups do not affect the bond angle N-N-C.

The structural planarity maintained irrespective of the
substituent. The calculated N=N-C-C dihedral angle in
DTABsS is similar to that of TAB except those for series 5
compounds. Especially for the 5a molecule, it shows a
deviation of 1.56° from the TAB.

We now compare the geometry parameters for TAB
with different donor-acceptor groups. Molecules with
the same acceptor group, the N=N and C-N bond length
increases and decreases respectively from the methyl

Table 2 Optimized geometrical

parameters of disubstituted Molecule N=N C-N N=N-C N-C-C C-N=N-C N=N-C-C

trans-azobenzene in its ground

state la 1.260 1.419 114.7 124.7, 115.3 —-180 0.07
b 1.262 1.418 114.7 124.8, 115.4 —-180 0.20
lc 1.263 1.418 114.6 124.8, 115.4 —-180 0.04
1d 1.265 1.415 114.5 1248, 115.5 180 0.20
le 1.267 1.414 114.5 124.9, 115.5 -180 0.01
2a 1.260 1.414 115.4 124.9, 115.7 180 0.11
2b 1.261 1.418 115.0 124.9, 115.5 —-180 0.01
2¢ 1.262 1.418 114.9 124.9, 115.6 —-180 0.01
2d 1.264 1.417 114.8 124.9, 115.6 —-180 0.50
2e 1.266 1.400 1159 125.4, 116.3 180 0.32
3a 1.260 1.413 115.5 124.9, 115.6 180 0.01
3b 1.262 1.418 1149 124.7, 1153 180 0.01
3¢ 1.262 1.407 115.7 125.1, 115.8 —-180 0.05
3d 1.264 1.416 114.8 124.8, 115.4 180 0.29
3e 1.266 1.399 115.0 125.4, 116.3 180 0.02
4a 1.260 1.413 115.6 124.9, 115.6 -180 0.03
4b 1.261 1.418 114.8 124.8, 115.4 —-180 0.02
4c 1.262 1.407 115.8 125.0, 115.8 —-180 0.01
4d 1.264 1.401 116.0 125.2, 116.0 180 0.14
4e 1.266 1.415 114.6 124.9, 115.6 —-180 0.00
5a 1.259 1.414 115.5 124.9, 115.6 —-180 1.60
5b 1.261 1.409 115.7 125.0, 115.7 —-180 1.00
5¢ 1.261 1.408 115.7 125.1, 115.7 —-180 1.23
5d 1.263 1.418 114.7 124.8, 115.6 180 1.01
Se 1.265 1.400 116.0 125.4, 116.3 —-180 0.83
6a 1.260 1.419 114.7 124.8, 115.4- —-180 0.00
6b 1.262 1.418 114.7 1249, 115.4 —-180 0.06
6¢ 1.263 1.405 115.7 125.1, 115.7 180 0.07
6d 1.265 1.400 116.0 125.2, 116.0 180 0.51
6e 1.267 1.414 114.6 125.0, 115.6 180 0.06
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group donor substituted molecule (la, 2a, 3a, 4a, Sa,
6a) to dimethylamino group donor substituted molecule
(le, 2e, 3e, 4e, Se, 6e). Molecules with the same ac-
ceptor group, the bond length C-N decreases from the
methyl substituted molecule (la, 2a, 3a, 4a, 5a, 6a) to
dimethylamino substituted molecule (le, 2e, 3e, 4e, Se,
6¢). Earlier work by Biswas and Umapathy also showed
that the substituted group may affect the geometry pa-
rameter [50]. Also the well known resonance [49] and
inductive effect [51, 52] may appropriately explain the
relationship between donor-acceptor groups and the ge-
ometry. For example, in series 1 DTAB, the donor
group changes from methyl group to dimethylamino
group. The dimethylamino group can easily donate elec-
trons to the bridge and act as a strong donating group.
Also the nitro group can withdraw the electrons from
the bridge. Due to this effect, the 7m-electron may be-
come more delocalized so that the bond length N=N

becomes elongated and the C-N bond length shortened.
On the other hand, the calculated C-N=N-C dihedral
angle is independent of donor-acceptor effect. The
N=N-C-C dihedral angle in DTABs is smaller than 1°,
except for 5a, 5b, 5c, 5d molecules.

Correlation between dipole moments
and hyperpolarizabilities with substituent constants

The calculated dipole moments, (hyper) polarizabilities
and substituent constants for disubstituted azobenzenes
are presented in Table 3. The substituent effect is pre-
sented by the difference of the individual substituent
constants, Eq. 6,

S 0= o(D) - o(A), (6)

where acceptor and donor are the substituent on the 11
and 22 positions respectively (Fig. 1). The Hammett

Table 3 Calculated longest

53

53

wavelength absorption maxima, Molecule Amax Hiot Oxx Gave Broxx Zop X0/

dipole moments, (hyper) polar-

izabilities, and substituent con- la 381 7.38 63.08 34.55 64.96 0.95 1.53

stants of DTABs 1b 397 7.61 63.47 34.01 87.72 1.03 2.15
lc 406 8.59 69.49 36.91 106.64 0.93 2.01
1d 432 10.28 71.81 37.12 133.90 1.11 2.53
le 465 11.93 85.83 43.79 200.06 1.13 2.93
2a 364 4.53 64.51 35.86 39.06 0.61 1.12
2b 375 5.51 64.37 35.15 55.18 0.69 1.74
2¢ 381 6.17 70.04 37.93 68.56 0.59 1.6
2d 401 6.95 7137 37.83 87.84 0.77 2.12
2e 429 8.42 84.22 44.12 135.94 0.79 252
3a 368 5.35 62.95 34.27 44.09 1.13 1.34
3b 380 6.06 62.99 33.60 60.38 0.61 1.96
3¢ 387 6.87 68.78 36.42 74.85 0.69 1.82
3d 407 7.99 70.27 36.38 94.34 0.59 2.34
3e 435 9.55 83.34 42.75 144.27 0.77 2.74
4a 361 6.69 68.84 34.28 27.65 0.79 1.29
4b 372 6.88 63.72 33.57 42.10 0.85 1.91
4c 383 7.69 68.80 36.24 54.29 0.93 1.77
4d 397 9.38 70.65 36.22 70.13 0.83 2.29
4e 423 10.95 83.33 42.45 111.40 1.03 2.69
5a 348 4.82 56.61 32.39 20.23 0.67 0.95
5b 360 5.03 56.26 31.60 32.03 0.75 1.57
5¢ 365 5.92 61.59 34.28 41.69 0.65 1.43
5d 384 7.34 62.37 33.99 53.44 0.83 1.95
5e 409 8.87 74.05 39.89 85.87 0.85 2.35
6a 372 6.56 66.53 36.69 10.80 0.83 -

. _ 6b 385 6.90 66.77 36.10 12.37 0.91 -

Units: wavelength absorption

maxima (nm), dipole moment 6¢ 393 7.86 72.73 39.01 24.23 0.81 -

(debye), polarizabilities(10~>* 6d 415 9.48 74.94 39.16 44.36 0.99 -

esu), hyperpolarizabilities(10 " 6e 445 11.14 88.88 45.80 98.26 1.01 -

esu)

@ Springer



534

J Mol Model (2013) 19:529-538

constant was evaluated from the effect which the sub-
stituent has on the ionization of benzoic acids [53].
Brown and Okamoto utilized the solvolysis of o-cumy
chloride in 90 % acetone-water as a standard for defin-
ing o' constants (i.e., for reactions in which a full
positive charge is developed), and thus the electron
demand on the substituent is so strong that the reso-
nance contribution of this substituent is greater than the
usual [54]. A similar procedure was used by Biggs and
Robinson to define o~ constants using the ionization of phe-
nols as a standard reaction, i.e., when the electron withdraw-
ing ability of a substituent is large enough and can not be
described by the usual resonance interaction [55].

In Fig. 3, the plots of the dipole moments as a
function of Yo, and Xo,,, are presented. While in
the case of Yo, the results fit the line with a corre-
lation coefficient of 0.92 (or higher), the other one has
a correlation coefficient of 0.81 (or lower). Ulman
showed that the Hammett substituent constant consists
of both inductive and resonance effects and both the
effects are important to the molecules [15]. On the other
hand, the o, and o_ constants push the resonance
effects to their extreme, while giving the inductive ef-
fect less influence. In DTAB series 1, 2, 3, 4, and 5
donor group change from methyl group to dimethyla-
mino group, i.e., the donor ability is increasing in this

Fig. 3 Calculated ground state a B
dipole moments of DTABs a as ® 1a-1e
a function of Yo, b as a 12 ® 2a2e ®
function of ¥ o, 3a-3e "
1 4a4e
10
—
g ]
@ 84
o
~—
5 4
=
6 -
4
1 I v 1
0.50 075 1.00 125
b 3
® 1a-1b-1d-1e E(IP
124 & 2a2b2d2e .
| 3a-3b-3d-3e
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series. The donor group will easily push electrons to the
bridge and remain itself positively charged. This situa-
tion may affect the magnitude of dipole moments. The
greater the charge separation the higher the dipole mo-
ment. As a result, there may be a better correlation of
dipole moments with >o.,.

In Fig. 4a and b the Py values are plotted as a
function of Yo, or X0, respectively Linear correla-
tions are found between all three substituent constants
and Py with a better fit in the case of Yo, (r=0.94).
It can be seen that the variety of donor groups having
different electron donating abilities affect the magnitude
of static hyperpolarizabilities of DTABs. As the magni-
tude of Xo,, increases, the donor abilities as well as
the polarizabilities increase.

Fig. 4 Calculated ground state a
hyperpolarizabilities of DTABs

a as a function of Yo, b as a

function of Yo,/

200 -

Ll

160 -

»

Bcx

40 -

Two level model and electronic properties
with hyperpolarizabilities

On the basis of the complex sum over states (SOS) expres-
sion, Oudar and Chemla established a simple link between (3
and low-lying charge-transfer transition through the two-
level model [12, 14]. The static first hyperpolarzability is
expressed by the following expression:

2
Hyge

2
E,,

B o (uee - ugg) (7)

where . and p,, are the ground state and excited-state
dipole moment, (i, is the transition dipole, and E, is the
transition energy. One can estimate these quantities using
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Table 4 Results of TDDEFT calculations at B3LYP/6-31+G* level for

the electron transitions of all molecules

Molecule Byxx Ege (ev) Moo Hoe /Ege”
la 64.96 3.25 0.889 0.084
1b 87.72 3.12 0.853 0.088
1c 106.64 3.06 0.888 0.095
1d 133.90 2.87 0.846 0.103
le 200.06 2.67 0.882 0.124
2a 39.06 3.41 1.022 0.088
2b 55.18 3.30 0.999 0.092
2c 68.56 3.25 1.054 0.100
2d 87.84 3.09 1.015 0.106
2e 135.94 2.89 1.0603 0.127
3a 44.09 3.37 1.007 0.089
3b 60.38 3.26 0.982 0.092
3c 74.85 3.21 1.034 0.100
3d 94.34 3.05 0.997 0.107
3¢ 144.27 2.85 1.043 0.128
4a 27.65 3.44 1.029 0.087
4b 42.10 3.33 1.007 0.091
4c 54.29 3.24 0.993 0.095
4d 70.13 3.12 1.029 0.106
4e 111.40 2.93 1.081 0.126
5a 20.23 3.56 0.903 0.071
5b 32.03 3.45 0.886 0.074
5c 41.69 3.39 0.947 0.082
5d 53.44 3.23 0.916 0.088
Se 85.87 3.03 0.975 0.106
6a 10.8 3.34 1.031 0.092
6b 12.37 3.22 1.006 0.097
6c 24.23 3.16 1.055 0.106
6d 44 .36 2.99 1.023 0.114
6e 98.26 2.79 1.072 0.138

the TDDFT method. These quantities are presented in

Table 4. Hence, as a guideline, the two-level model requires
well-performing NLO chromophores that possess a low-
lying CT excited state with large oscillator strength [56].

2> @ ’ @

o§dugn-

HOMO

il

LUMO

Fig. 5 The HOMO and LUMO of 1d molecule
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The enhancement of 3 values with increasing donor-
acceptor abilities can be attributed to the increasing ugez
and decreasing E, values. The results show that the trend of
ugez/Ege2 values is le > 1d > Ic > 1b > la and is in
agreement with the (344« values. On comparing the -OH
and -NH, substituted molecules (1b, 1d) with the methyl
substituted molecules (la), it is found that 1d compound
possess smaller ngz value. However, the static hyperpolar-
izability of the -NH, substituted molecule (1d) is twice that
of the methyl substituted molecules.

Figure 5 shows the HOMO and LUMO for the 1d mol-
ecule. The transition energy of 1d is found to be smaller than
1a (0.38 ev). The contribution of the square form to the two-
level model dominates the major effect to the hyperpolarz-
ability. Besides the transition energy, there may be other
reasons to affect the hyperpolarizability of 1d molecule.
The first electronic transition is primarily composed of the
HOMO-LUMO transition. As the methyl group is replaced

Table 5 Evolution of

hyperpolarizabilities as Molecule BLA Proxx

a function of the BLA

for DTABs la 0.159 64.96
1b 0.156 87.72
lc 0.155 106.64
1d 0.150 133.90
le 0.147 200.06
2a 0.154 39.06
2b 0.157 55.18
2¢ 0.156 68.56
2d 0.153 87.84
2e 0.134 135.94
3a 0.153 44.09
3b 0.156 60.38
3c 0.145 74.85
3d 0.152 94.34
3e 0.133 144.27
4a 0.153 27.65
4b 0.157 42.10
4c 0.145 54.29
4d 0.137 70.13
4e 0.149 111.40
5a 0.155 20.23
5b 0.148 32.03
5¢ 0.147 41.69
5d 0.155 53.44
Se 0.135 85.87
6a 0.159 10.8
6b 0.156 12.37
6¢ 0.142 24.23

Units: BLA (&), hyper- 6d 0.135 44.36

polarizabilities(10 > 6e 0.147 98.26

esu)
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by the -NH,, the HOMO energy is higher and the LUMO
energy does not change significantly. The electron density
of the HOMO orbital, which is confined more to the
electron-donating group (—NH,), would favor the charge
transfer to the LUMO orbital, confined toward the acceptor
part (—NO,) of a molecule. Clearly, the excitation mostly
consists of CT from the donor group to the acceptor group.
This condition also occurs in other series (comparing 2a vs.
2d, 3a vs. 3d, 4a vs. 4d, 5a vs. 5d, 6a vs. 6d).

A comparison of molecule le and 2e shows that the
hyperpolarizability of le molecule is larger by 64.12x
10 %su than the 2e molecule, and for the value of ugez/
Ege2 the opposite is true. The first transition energy of le
molecule is smaller by 0.22 ev than the 2e molecule. Equa-
tion 7 shows that the first transition energy is square order to
affect the hyperpolarizability value. It again means that the
first transition plays a vital role in determining the hyper-
polarizability. Also comparing molecules le and 3e shows
that the hyperpolarizability of le molecule is larger by
55.79x10*°esu than the 3e molecule, and for the value of
ugez/Egﬁ2 the opposite is true. While the first transition
energy of le molecule is 0.18 ev smaller than the 3e mole-
cule, this fact has a square impact on the hyperpolarizability
value. So indeed the first transition energy is really impor-
tant when determining the value of hyperpolarizability.

Bond length alternation (BLA) with hyperpolarizabilities
of DTABs

As mentioned earlier, changing the donor group from meth-
yl group to dimethylamino group affects the N=N and C-N
bond lengths. It indicates that the stronger donor strength
makes the N=N bond length longer and C-N bond length
shorter. In this situation, a key geometrical parameter BLA
can be used to correlate with the hyperpolarizability. It is
defined as the difference between the single and double
bond [57, 58]. In 7t-conjugation system with disubstituted
donor and acceptor groups, the increasing donor and accep-
tor strength follows a smaller BLA value. Hyperpolarizabil-
ities for DTABs are presented alongwith BLA in Table 5.
In the first series, the hyperpolarizabilites increase from
64.96, 87.72, 106.64, 133.90 to 200.06 and the BLA values
decrease from 0.159, 0.156, 0.155, 0.150 to 0.147. It shows
that an increase in the strength of donor groups from methyl
to dimethylamino can have a clear impact on the hyper-
polarizabilites. In second series, the BLA of 2b and 2c
molecules are larger than 2a molecule and so are the hyper-
polarizabilities. However, the general trend is still the same
as the first series. It indicates that the dimethylamino group
is the strongest donor group and methyl group is the weakest
in this system. In the fifth and sixth series, the trend in
hyperpolarizabilities is 5¢ > 5d > 5¢ > 5b > 5a and 6e >
6d > 6¢ > 6b > 6a respectively. The corresponding BLA

sequences are 5a = 5d > 5b > 5S¢ > 5e and 6a > 6b > 6¢ > 6¢
> 6d. Although there are some molecules out of the rule, the
general trend is similar to the first series.

The molecules le, 2e, 3e, 4¢, Se have the largest hyper-
polarizabilities in respective series. The trend observed for
the hyperpolarizabilites is le > 3e > 2e > 4e > 6e > Se
(200.06 > 144.27 > 135.94 > 111.40 > 98.26 > 85.87), and
that for the BLA is 4e > le = 6e > 5e¢ > 2e > 3e (0.149 >
0.147=0.147 > 0.135 > 0.134 > 0.133). There is no good
correlation between the hyperpolarizabilites and the BLA
when changing the acceptor groups. The molecules 1a, 2a,
3a, 4a, Sa, 6a have the smallest hyperpolarizabilites in the
respective series. The trend for the hyperpolarizabilities and
BLAis la>3a>2a>4a>5a>6aand la=6a>5a>2a>
3a = 4a respectively. It indicates that the acceptor group has
little effect on the BLA value and does not contribute to the
change of hyperpolarizizabilites. It can be concluded that
changing the donor groups have a better effect on the BLA
value and the hyperpolarizabilites in this system.

Conclusions

We have studied the optimized TAB and a series of DTABs
structures by the DFT method. The geometrical parameters
optimized at B3LYP/6-31+G* level are in agreement with
the experimental determinations. The substitution of donor-
acceptor group in TAB results in longer N=N bond length in
DTAB than that of TAB, no matter what the substituents are.
On the other hand the C-N bond length in DTABs is shorter
than that in TAB. A greater conjugation and 7t-electron
delocalization is built upon disubstitution of donor- acceptor
substituents. Out of the three substituent constants > o7, Xo'¢
and Yo_, the Yo. and Yo_ show a good correlation with
both dipole moments as well as hyperpolarizabilities. With a
change in the donor groups from methyl to dimethylamino
group, the static hyperpolarizabilities become larger due to
an increase in the ugez/Ege2 indicating that the two-level
model can correctly describe the hyperpolarizability value
in DTABs. The donor groups can effectively change the
BLA value and hyperpolarizabilites more than the acceptor
groups.
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